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Abstract 
Processes for the production of optically smooth surfaces are very costly. This is due to a long machining time (ultra-
precision machining) or due to a large amount of material that is processed in a short time (rolling). In-process and in-
situ surface quality monitoring is a basic precondition to reduce rejections and costs. Adequate quality parameters are 
the roughness and the number and kind of local defects per surface area. Optical measuring techniques (light 
scattering, interferometry) and digital image processing enable a fast surface characterization. The paper describes the 
modeling, simulation and application of a scattered light roughness measuring process based on the Kirchhoff theory 
and a microscopic imaging measuring process for local defect identification. Corresponding measuring results from 
stainless steel sheet substrates are presented. 
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1. Introduction 
Industrial production processes for optically smooth surfaces show an increasing demand for 
monitoring the surface quality, while the workpiece is still clamped inside the machine tool (in-situ) or 
even during machining (in-process). Commercially available measuring systems are often not suitable for 
these applications. The surface roughness and local defects (i.e., bottom splashes on sheet metal caused 
by rolling processes, pits, pores) mainly characterize the surface quality with respect to optical properties 
and the ability for further processing (e.g., coating). An appropriate roughness and defect measuring 
device should operate fast and non-contacting with a working distance of at least a few centimeters. 
Measurements of both opaque and transparent materials should be possible. 
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In this context, speckle techniques have a high potential for surface inspection applications. In 
connection with modern electro-optical devices (e.g., high power laser diodes, CMOS and CCD cameras), 
speckle methods show real-time and in-process capabilities [1–4]. 
This paper deals with a scattered light roughness measuring method. It determines the visibility of a 
partially developed speckle pattern that is produced by a slightly diffuse reflecting surface. The measuring 
technique is a further development of the method of double scattering of coherent light [5] and the 
speckle pattern illumination method [6]. The theoretical background of the measuring method is based on 
the statistical properties of speckle patterns that are generated in the optical far-field region, when a rough 
surface is illuminated with coherent light. A general theoretical description of static speckle patterns 
scattered from diffuse or reflecting rough surfaces can be found in [7]. It is valid for both isotropic and 
anisotropic roughness, which are typically produced by mechanical processes such as grinding. The 
roughness measuring range extends from Sq = 1 nm to Sq = 150 nm, with the rms-roughness Sq 
according to DIN EN ISO 25178. The resolution is in the nanometer range. In contrast to former 
approaches with a speckled workpiece illumination the current measuring device illuminates the surface 
with the continuous Gaussian intensity distribution of a laser beam. Hence, the working distance is no 
longer limited by the focal length of a collimation lens. Furthermore, focussed beam illumination of the 
workpiece allows the roughness characterization of very small surface areas (e.g., with a diameter of 
about 0.5 mm), which results in a high lateral resolution. The latter enables the scattered light based 
detection of surface inhomogeneities in the sub-millimeter range, which come out as local deviations of 
the optical roughness values in a scanning series of measurements. However, small local defects, e.g., 
bottom splashes with diameters up to 50 µm on metal sheets, cause no significant scattered light effects 
within the field of view of the measuring device. In this case a scanning vision system consisting of a 
digital microscope set-up inspects the surface. A fast image processing algorithm detects bottom splashes 
and pores. 
2. Scattered light roughness measurement with high lateral resolution 
Figure 1 shows the scheme of a roughness measuring system based on the scattered laser light method, 
which produces partially developed speckle patterns. The development of the speckles depends on the 
surface roughness. 
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Fig. 1. Scheme of the roughness measuring set-up with a Gaussian intensity distribution of the focussed laser beam and a partially 
developed scattered light speckle pattern. 
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A software design tool enables a fast and cost effective tuning and optimization of the optical measuring 
process parameters, e.g., light wavelength, optical fiber specifications, focal lengths of the lenses, optical 
path lengths, surface roughness and lateral correlation lengths. It models surfaces with random rough 
topographies. Furthermore, it calculates the light propagation and light scattering processes and, finally, a 
far-field speckle intensity distribution. Measuring process simulations lead to a measuring set-up with the 
laser light wavelength 405 nm. The light beam is coupled into a polarization maintaining singlemode 
optical fiber with the core diameter 3.2 µm and the numerical aperture 0.13. The lens 1f  with the focal 
length 25 mm produces a laser spot, or an image of the optical fiber end face, respectively, at a distance of 
150 mm. The workpiece is positioned 140 mm behind the lens, which results in an illumination spot 
diameter of about 0.5 mm with nearly Gaussian intensity distribution. The lens 2f  produces the far-field 
intensity distribution of the reflected and scattered light on the CCD chip. This measuring device 
configuration operates successful with specular reflecting and diffuse reflecting surfaces with arithmetic 
mean roughness values Sq < 150 nm depending on the wavelength of the laser light. 
2.1. Reference specimens 
The experimental verification of the scattered light roughness measuring method requires a set of 
reference specimens with isotropic topography and slight roughness differences in the range between 
Sq = 1 nm and Sq = 150 nm, which is not commercially available. A first manufacturing approach with 
aluminum as raw material delivers adequate specimens. Aluminum is easy to process with respect to 
milling and polishing. An aluminum rod of 25 mm in diameter is cut into cylinders with a height of 
10 mm. One front face is milled, which leads to a surface roughness Sq = 200 nm. Subsequent polishing 
with polycrystalline diamond suspensions with different grain diameters (9 µm, 6 µm and 1 µm) results in 
an isotropic roughness of about Sq = 5 nm. Reference measurements with a white light interferometer 
show smooth, flat surfaces without any periodic structures remaining from the former milling process. To 
produce a complete set of different rough surfaces some of the specular reflecting surfaces are processed 
again with polycrystalline diamond suspensions with successively increasing grain sizes and, finally, wet 
abrasive paper. 
2.2. Roughness measuring results 
Figure 2a shows three typical aluminum specimens from a complete set with slightly increasing 
roughness as is indicated by increasing diffusely mirrored text on the polished surfaces. 
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Fig. 2. Roughness characterizations of a) a set of polished aluminum cylinders with isotropic topography (the figure shows three 
workpieces out of an assortment with slightly different roughness) reveal b) the measuring range and the resolution of the scattered 
light roughness measuring system. The error bars result from ten measurements each. 
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Figure 2b shows the results of roughness characterizations with the scattered light measuring system 
according to Fig. 1 of an assortment of optically smooth reference surfaces in the range Sq = 5 nm to 
Sq = 122 nm (Fig. 2a). The illumination spot diameter is about 0.5 mm. The development of the optical 
roughness parameter values R_opt is approximately linear. 
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Fig. 3. Results of two-dimensional scanning measurements of a steel sheet surface with a) the scattered light measuring system and 
b) a white light interferometer.  
Figure 3a shows the distribution of 100 x 100 discrete R_opt-values measured with the scattered light 
measuring system within a 5 x 5 mm area of a stainless steel sheet substrate with a mean roughness of 
Sq = 83 nm. The high lateral resolution results from a small illumination spot diameter of 60 µm, as the 
workpiece is placed near to the focal plane of the laser beam. The lateral distance of two measuring 
positions is 50 µm. Figure 3b is the corresponding surface topography measured with a white light 
interferometer with the magnification 2.5x and a lateral resolution of 4 µm. Both plots reveal the same 
horizontal structures, which represent higher roughness values and grooves, respectively, caused by the 
sheet metal rolling process.  
3. Detection and identification of different defect types 
Local defects like bottom splashes on rolled sheet metal surfaces extend typically to diameters of about 
60 µm. Therefore, the detection and identification of bottom splashes and scratches requires a measuring 
method with a high lateral resolution. Although, the scattered light measuring system fulfills this 
precondition, it enables only the defect detection, but not the distinction of different defect types. A first 
approach for a certain bottom splash detection and identification is based on microscopic images of the 
surface and standard image processing algorithms. An additional microscope objective, which is 
positioned near the sheet metal in the experimental set-up (Fig. 1), produces the required images of the 
surface on the CCD chip.  
Image processing algorithms enable a general statement, whether there is a local defect in an image 
section and, furthermore, identify bottom splashes amongst a variety of defects. Figure 4a shows an 
image of a sample area (43 µm x 32 µm) with slight vertical rolling marks and a section of a bottom 
splash. A horizontal Sobel approximation eliminates the rolling marks and generates a binary image with 
curved structures (Fig. 4b), indicating the rims of assumed bottom splashes. A subsequent Radon 
transformation (Fig. 4c) enables to distinguish curved structures from linear structures caused by for 
example scratches, which result in local enhanced Radon transform values. Curved and linear structures 
can be distinguished by a threshold for these values. 
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a)  b) c)  
Fig. 4. A bottom splash in (a) a microscopic image of a sample area of 43 µm x 32 µm leads to curved structures in (b) the binary 
image generated by a horizontal Sobel approximation and results in (c) a smooth developing of the Radon transform of the binary 
image. 
a)  b)  c)  
Fig. 5. The microscopic image of a) a sample area 43 µm x 32 µm without bottom splashes leads to b) a nearly black binary image 
generated by a horizontal Sobel approximation and results in c) a typical graph of the Radon transform. 
If no Radon transform value exceeds the threshold the mean intensity of the binary image or the column 
sum of the Radon transform matrix, respectively, is proportional to the number of structures that represent 
potential bottom splashes. Figure 5 shows corresponding images of a surface area without local defects. 
However, the described methods allow no separation of bottom splashes and other non-linear surface 
defects. To avoid false interpretations of local defects a horizontal and at the same time vertical Sobel 
approximation of the digital image generates a further binary image with pixel arrangements representing 
closed boundaries. Filling these bordered areas followed by a correlation with the first binary image 
enables to separate bottom splashes from for example holes or pores on the workpiece. 
4. Conclusion 
A specially developed scattered light measuring system enables a surface roughness characterization and 
the detection of different surface defects. The parameters of the measuring set-up are specified by 
measuring process simulations based on the scalar Kirchhoff theory. Specially manufactured reference 
specimens with different roughness allow the verification of the scattered light roughness measuring 
process. Different local defects on sheet metal surfaces were detected by the analysis of microscopic 
images. A Radon transform permits to distinguish different defect types, e.g., bottom splashes and 
scratches. Next steps concern further measurements of roughness and other defect types on different 
processed surfaces. 
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